We show an anomalous behavior in a diffractive lens in which the spot size at the focus reaches a minimum at a numerical aperture of ϳ0.5 and then increases signif icantly at higher values. Theoretical and experimental results are presented, along with a comparison with refractive aplanatic lenses, in which the anomaly does not appear to exist.  2000 Optical Society of America OCIS codes: 050.1970, 050.1380, 050.1960 A focusing lens with a high numerical aperture (NA) can focus light into small spots, leading to high resolution and concentration of light. In general, focusing lenses with low rather than high NA's can be analyzed by use of standard scalar theory, for which paraxial approximations are valid.
A focusing lens with a high numerical aperture (NA) can focus light into small spots, leading to high resolution and concentration of light. In general, focusing lenses with low rather than high NA's can be analyzed by use of standard scalar theory, for which paraxial approximations are valid. 1 However, to evaluate the performance of a lens with a high NA one must exploit a more exact formulation that takes into account polarization effects and the nonuniformity of the amplitude over the wave front emerging from the lens, i.e., the apodization factor. A mathematically tractable representation for dealing with polarization was developed by Debye, 2 and a representation for handling apodization was addressed by Hopkins. 3 Later these developments were generalized by Wolf 4 to analysis of aplanatic refractive lenses (free of spherical aberrations) and then exploited in investigations of the focal distributions of a variety of focusing systems. 5 -9 In all these investigations it was determined that the spot size in the focal plane decreased monotonically.
Here we consider diffractive rather than refractive lenses with high NA's. Fabrication of such lenses recently became possible as a result of advances in computer-generated holograms and photolithographic technology. Diffractive lenses can be formed on single, thin, f lat elements and can be designed to be free of aberrations. 10 -12 These advantages can be useful in various applications, including high-density optical storage, high-resolution optical microscopy, and high-resolution photolithography.
In the following we investigate the intensity distribution at and near the focus of a high-NA diffractive lens. First we present a brief review of the theory and then describe the experimental procedure and results. Surprisingly, we illustrate that diffractive lenses with high NA's behave differently than aplanatic lenses. Specif ically, unlike the monotonic reduction in spot size with increasing NA that occurs with aplanatic lenses, in diffractive lenses there is an optimum NA value beyond which focusing degrades.
We begin by adapting Wolf's vectorial formulation for a refractive aplanatic lens and show how it can be applied to a diffractive lens. Specifically, we start with the generalized Debye integral for the field at the focus of a refractive aplanatic lens 5 :
where ͑s x , s y , s z ͒ are the normalized propagationvector components (direction cosines), l is the wavelength of illumination, k 2p͞l, A v is the apodization factor, andâ͑s x , s y ͒ for anx-polarized incident wave is given bŷ
The apodization factor A v is based on conservation of energy and geometrical factors. For the aplanatic lens it is 5 A v cos 1/2 u, whereas for a diffractive lens we found it to be A v 1͞cos 3/2 u, where u is the focusing angle (zero at the center of the lens and maximal at the edge of the lens). These apodization factors indicate that the rays at the edge of a diffractive lens have a larger amplitude than those in the center, whereas those in the center have a larger amplitude than at the edge in an aplanatic lens.
Using Eq. (1), we calculated the intensity distribution at the focal plane as a function of NA, from which we deduced the spot size. For these calculations we used two criteria. One was based on the first zero and the other on the encircled 84% of the energy (which corresponds to the first lobe of the Airy pattern). The results are presented in Fig. 1 . As shown in the figure, for a low NA, for which the scalar theory is valid, the spot size is the same for both aplanatic and diffractive lenses, regardless of which criterion is used, so the spot size obeys r 0.6l͞NA. As the NA increases, the spot size of the aplanatic lens, based on the two criteria, as well as the spot size of the diffractive lens, based on the first-zero criterion only, decrease monotonically, which can still be reasonably expected from the scalar theory. However, when we use the 84% encircled-energy criterion for the diffractive lens, the results reveal that there is a minimum spot size near NA ഠ 0.5, beyond which the spot size increases significantly. These results indicate that the aplanatic lens concentrates energy better than the diffractive focusing lens when NA . 0.4. We found that the same behavior would occur had we chosen other percentages of encircled energy. The spreading out of the energy for the diffractive lens at a high NA can be attributed to polarization and apodization effects. The polarization of the majority of the encircled energy at the focus is either in the same direction as that of the polarization of the incident waveê x or in the direction of the optical axiŝ e z . Now, the field with polarization directionê x is proportional to J 0 , which is well localized about the origin, and that withê z is proportional to J 1 , which is not localized. 13 As the NA increases, the encircled energy with the polarization in directionê z increases, whereas that with directionê x decreases. Thus, as the encircled energy with polarization in direction e z becomes dominant, there is more spreading. The other effect that contributes to the spreading of the encircled energy for the diffractive lens results from the apodization factor. Specifically, the amplitudes of the rays at the edge of the lens are larger than those at the center, so the lens behaves as one having an effective annular aperture that transfers energy from the main lobe to the sidelobes. Similar trends were observed in the calculations of Schmitz and Bryngdahl. 14 To verify our surprising predictions we resorted to using a cylindrical rather than a spherical diffractive lens because it was easier to fabricate and evaluate. Specifically, we designed a cylindrical diffractive lens with a spherical grating function that would be used with l 10.6 mm from a CO 2 laser and would have a focal length of f 10 mm and an aperture of 30 mm to obtain a NA of 0.83. The lens was fabricated as a binary surface grating in a ZnSe substrate by use of an electron-beam-generated mask, photolithographic technology, and an accurate reactive ion etching process.
For the experiments we illuminated the lens with a collimated Gaussian wave having a suff iciently large waist size that it behaved nearly as a plane wave. The NA was varied by means of a variable aperture. We then measured the energy distributions at and near the focal plane with a knife-edge, with the narrowest distribution at the focal plane. The knife-edge position was controlled by accurate translation stages with resolution better than 0.05 mm. For the energy measurements we used a pyroelectric detector with a large acceptance angle, which was positioned behind the knife-edge. Accurate alignment was obtained with a coaligned He-Ne laser beam.
Great care was taken during the experiments. For example, to ensure that the incident beam was of high quality, we let it propagate several meters in free space and then measured the beam quality, both with a focusing lens having a focal length of 1 m and with an M 2 meter. Both measurements resulted in an M 2 value of ϳ1.3. Also, we measured the diffraction efficiency of the lens at various locations and found it to be 40 6 10%, which agrees with the binary grating prediction. To obtain the intensity distribution we calculated the derivative of the measured energy behind the knife-edge. To reduce noise we averaged a few measurements of the energy. Figure 2 shows the measured energy at the focal plane as a function of the knife-edge position for three different NA values that correspond to apertures of 6, 16, and 25 mm. The incident beam was TE polarized. As is evident from the figure, the maximal slope is steeper for the higher NA values, as predicted. However, a larger portion of the energy spreads out away from the focus. Figure 3 shows the three corresponding energy distributions (which are the derivatives of the detected energies in Fig. 2 ). As is evident from Fig. 3 , the main lobe is narrower for higher NA values, which agrees with the predicted first-zero criterion. However, the sidelobes for the higher NA values are high and contain a significant portion of the total energy, indicating spreading of the energy. Figure 4 shows the spot size as a function of NA for the FWHM and the 72.5% encircled-energy criteria; for the cylindrical lens, 72.5% of the encircled energy corresponds to the FWHM for the one-dimensional scalar case (sinc 2 function). As is evident from the figure, the FWHM decreases monotonically for all NA values, in agreement with prediction and the scalar theory, which is shown in Fig. 4 by a solid curve for M 2 1.3. For high NA values the spot sizes (when the FWHM criterion is used) reach approximately 0.7l ͑8 mm͒. However, the spot size when the criterion of 72.5% of the encircled energy is used first decreases for low NA values, then reaches a distinct minimum of 1.7l at approximately NA ഠ 0.5, and finally increases very rapidly until it reaches a value of approximately 40l at NA 0.83 (30-mm aperture). Similar measurements for s (energy-distribution standard deviation) showed similar trends, albeit with somewhat less-sharp effects owing to background noise that arises mainly from the zero-order diffraction. Measurements with a TMpolarized beam showed similar trends.
To summarize, we have shown an anomaly in which the energy spreads outward at the focus of a diffractive lens when the NA increases, thereby degrading the effective spot size. This behavior goes against intuition and common wisdom. We believe that one could minimize this spread of energy by forming the diffractive lens on a curved surface or resorting to the use of a hybrid diffractive -refractive lens.
